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Abstract The interaction between peptides and gold
surfaces has increasingly been of interest for bionanotech-
nology applications. To more fully understand how to
control such interactions, we have studied the optical
properties of peptide-modified gold nanoparticles as a
function of peptide composition, pH of the surrounding
medium, and peptide concentration. We show using
localized surface plasmon resonance, transmission electron
microscopy, and surface-enhanced Raman scattering
(SERS) that selected “gold-binding peptides” (GBPs),
similar to those isolated for binding to gold films using
yeast display, can bind to gold nanoparticles at a variety of
pHs. Peptide modifications of nanoparticles can lead to
irreversible particle aggregation when the pH of the
solution is kept below the isoelectric point (pI) of the
peptide. However, at pHs above the peptide’s pI, particles
remain stable in solution, and peptides remain bound to the
particles possibly through amine coordination of gold.
Additionally, we demonstrate the potential in using SERS
for the direct detection of GBPs on gold-silica nanoshells,
eliminating the need for indirect labeling methods.
Keywords Peptide . Gold . Nanoparticles . Assembly
Introduction
Over the last decade, many groups have specialized in the
isolation of peptides with molecular specificity to inorganic
materials such as metals, metal oxides, and semiconductors
[1–3]. Using biological/combinatorial libraries, based on
the deoxyribonucleic acid manipulation of an organism
(virus/phage, bacteria, or yeast) to produce random peptides
on the exterior of the organism, peptides with high affinities
and specificities to inorganic surfaces have been isolated.
These peptides have then been used for the organization of
nanostructures on the exterior of viruses [4]. The compo-
sition of the amino acid sequences isolated using combina-
torial methods can vary widely with the type of library
(phage, yeast, or bacterial) used in the selection process, as
seen in the selection of peptides for the surface of gold [5].
Some “gold-binding peptides” (GBPs) have shown high
levels of specificity for gold binding, while others have
cross-reactivity with other metallic and metal oxide
surfaces. To date, a consensus sequence for gold binding
has not been isolated using these combinatorial methods,
and the overall basis for the peptide–surface interactions
(electrostatic, coordination, and/or van der Waals forces) is
still not understood. The work of Willett et al. [6] suggested
that the electrostatic charge of the peptides may play a role
in the binding affinity between various materials and the
peptides selected. In this study, we will control the extent of
particle aggregation by controlling the electrostatic charge
of peptide-modified gold nanoparticles.
Plasmonic materials such as gold nanoparticles are used
for biological sensing and the study of protein–protein
interactions by monitoring the collective electronic excita-
tions, also known as particle plasmon resonances or
localized surface plasmon resonance (LSPR). For gold
nanoparticles, these plasmon resonances are observed as a
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strong absorption around 520 nm for individual nano-
particles. A red shift in the optical extinction spectrum is
due to near-field coupling between individual particle
plasmons, with the magnitude of the red shift dependent
on the extent of aggregation and interparticle distances
[7, 8]. Various biosensors have been constructed by
monitoring changes in the LSPR at 520 nm upon the
introduction of analytes to gold colloid solutions [9–11].
The shift in the LSPR has also been used to study the
reversible assembly of 8.5-nm gold nanoparticles modified
with thiolated coiled-coil peptides [12].
Surface-enhanced Raman scattering (SERS) is another
technique that uses gold nanoparticles for biological
sensing. SERS uses the electromagnetic field from the
surface plasmon to electromagnetically enhance (on the
order of 106 to 1010) the vibrational spectrum of a molecule
in close proximity to the metal [13, 14]. One benefit from
using SERS in addition to surface plasmon resonance
(SPR) is the detection of a peptide’s unique spectroscopic
fingerprint. Additionally, other information may be
obtained using SERS, such as the molecular orientation
and surface coverage of molecules bound to the gold
surface [15].
In this letter, we suggest a generalized method for
controlling the assembly of peptide-modified gold nano-
particles as determined through the use of SPR and
transmission electron microscopy (TEM). The sensitivity
of the gold colloid plasmon to changes in the extent of
particle aggregation has been utilized in detecting the affect
of a peptide binding to gold at concentrations as low as
0.05 μg/mL. We have also found that the subsequent
peptide-induced aggregation of gold nanoparticles can be
directed through control of the local pH, which may prove
useful in future bionanotechnology applications. We have
found SERS to be useful for the detection of nonaggregation-
inducing peptides on gold nanoparticle surfaces and discuss
the possibility of using SERS to investigate peptide-binding
mechanisms.
Experimental
Biotinylated custom peptides were synthesized and purified
by American Peptide (Sunnyvale, CA). Correct synthesis
and purity (>90%) was verified using reverse-phase high-
pressure liquid chromatography and electrospray mass
spectrometry. Silica nanoparticles (∼100 nm in diameter)
were obtained from Precision Colloid, LLC. Aminopropyl
triethoxysilane (APTES) was purchased from Gelest. All
other chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) and used as received. Gold nanoparticles
(colloid) were synthesized using the Turkevich method
[16]; briefly, 1 mL of 29.7 mM HAuCl4 was added to
100 mL of Milli-Q water (Millipore, 18 MΩ) and brought
to a boil, then 1.5 mL of 34 mM sodium citrate was added,
and the solution continued to boil for 10 min. Particles were
characterized using visible ultraviolet (UV-Vis) spectros-
copy (JASCO, V-530), dynamic light scattering (DLS,
Malvern Zetasizer Nano-S), and TEM (JEOL 3010 micro-
scope operating at 300 kV). Samples were prepared by
mixing 1 mL of peptide solution with 3 mL of gold colloid
(absorbance=0.53 at 520 nm, ∼9.7×1010 particles) for a
final peptide concentration of 0.7 μg/mL and final ionic
strength of 10 mM phosphate buffer (PB), pH 7. To prepare
TEM samples, peptides were incubated with gold for
30 min, drops of the resulting solutions were floated on
carbon coated copper TEM grids, the grids were allowed to
dry for 1 min, and then excess solution was blotted off. The
average gold particle size was 23.3 nm (±0.6) according to
TEM measurements (N=50). Buffers used in all experi-
ments were made with extreme care as high ionic strength
buffers can cause the negatively charged colloid to
aggregate. Citrate (pH 5 and 7), phosphate (pH 7), and
carbonate (pH 10.7) buffers were all used at or below
40 mM concentrations to maintain buffering capacity but
reduce ionic strength.
Peptide charges were calculated at various pHs based on
the acid dissociation constants of the individual amino acids
and the C terminus (Table 1) [17]. Because the N terminus
of the peptides are biotinylated, there was no N terminus
included in calculating the pI, and only the charged amino
acids (histidine and lysine) and the C terminus contributed
to the overall peptide charge.
To test peptide binding to gold when peptides are
negatively charged, (1) P44 and P45 peptides at a final
concentration of 0.7μg/mL in 40mMPBwere incubated with
gold colloid at pH 7 (P44 charge=+1.27, P45 charge=-0.73,
Table 1) or pH 11 (charges of −0.23 and −1.0, respectively),
(2) excess peptide was removed by centrifugation for 2 min
at 10,000 rpm in an Eppendorf MiniSpin microcentrifuge,
and (3) peptide-modified particles were resuspended with 10
mM PB at either pH 4 (P44 charge=+4.0, P45 charge=+2.0)
Table 1 Peptide sequences and their charges as a function of pH
Peptide name Sequence pI peptide charge at
pH 5 pH 7 pH 11
P14 Biotin-
KHKHFHF
10.60 +3.74 +1.27 −0.23
P44 Biotin-
KHKHWHW
10.60 +3.74 +1.27 −0.23
P45 Biotin-
AHAHAHA
6.50 +1.74 −0.73 −1.00
P46 Biotin-
FHFHFHF
6.50 +1.74 −0.73 −1.00
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or pH 11. UV-Vis spectra were taken immediately after
resuspension to monitor the degree of flocculation. A control
sample was also made by interacting nanoparticles with only
40 mM PB (pH 7 or 11) and then completing the
centrifugation steps to monitor particle loss and inadvertent
aggregation because of the centrifugation process. Each
experiment was conducted in triplicate, and the averages are
shown (Fig. 4a–d).
Gold silica nanoshells were synthesized by modifying
the protocol from the study of Oldenburg et al. [18];
namely, prefabricated silica cores with diameters of 100 nm
(Precision Colloids, LLC) were transferred from water into
ethanol through the formation and distillation of the
ethanol–water aziotrope. The resulting 4-wt.% solution of
silica in 95% ethanol was modified with ∼500 μL of
APTES for 30 mL of silica cores, and the solution was
incubated overnight. Modified cores were boiled, and
excess APTES was removed through centrifugation of the
particles. All other steps were followed from literature [18].
SERS substrates were prepared by silanizing glass
microscope slides through the deposition of APTES onto
precleaned glass slides. Slides were then covered with a
hydrophobic mask (Invitrogen, S-24737), and ∼100 μL of
nanoparticles were pipeted into the wells. The particles
were allowed to settle overnight. The next day, the
remaining solution was removed, and the substrate was air
dried. To obtain the SERS spectra of peptide P46 (Fig. 5b),
a 100-μL aliquot of 10 μg/mL solution of P46 in PB was
incubated on the gold nanoshell substrate. After incubation,
the overlayer of solution was removed, and the substrate
was rinsed with buffer to remove unbound peptide, and the
surface was dried in air.
SERS spectra were collected using a Renishaw inVia
spectrometer system through a 50X/NA 0.75 objective at
180°. For each measurement, an integration time of 90 s
was used after exciting with approx. 150 μW of 785-nm
light from a diode laser. Five spectra were averaged to
create each Raman spectral trace shown.
Results and discussion
Three peptides (P44, P45, and P46) were chosen from the
literature [2] for their affinity to gold films as demonstrated
using a yeast display system. The binding of the peptides
was previously quantified by Belcher et al. [2] using optical
microscopy to image yeast modified with the peptide
sequences on gold films. In their studies, yeast modified
with the P44 sequence (Table 1) showed a strong binding
affinity to gold films, while those with the P45 and P46
sequences had intermediate and low affinities for gold,
respectively. The proposed origin of P44’s affinity was the
interaction of the gold surface with the amino acid tryptophan
(symbolized: W), while phenylalanine (symbolized: F)
presumably reduced binding in P46. To investigate this
proposed mechanism, we created a fourth peptide containing
the same sequence as P44 except substituting F for W (P14)
(Table 1).
The overall ionic charge on a peptide is dependent on the
composition of the individual amino acids that make up the
peptide (Table 1) and the pH of the solution. Because of
the presence of two lysine residues per peptide (pKa of
10.5), the peptide charges for P14 and P44 at pH 7 are
significantly different than those for P45 and P46. P45 and
P46 both contain 50% histidine residues (pKa 6.0), but
because they lack the lysine residue, both have a negative
charge at pH 7. The lysine and histidine residues have been
previously shown to participate in metal binding either
through electrostatic interaction when they exist in their
charged states or through the coordination of gold by amine
functional groups in their neutral states [19].
We used SPR shifts in the gold colloid to monitor colloid
stability after the addition of peptides to gold nanoparticles
in the solution, with a final peptide concentration of
0.7 μg/mL (Fig. 1, inset). When added to the colloid at
pH 7, peptides P44 and P14 cause an immediate color
change from red to blue, and a second peak was formed at
∼650 nm (Fig. 1a,b—inset), signifying significant aggrega-
tion of nanoparticles. The color of colloid remained the
same with the addition of P46 peptides at pH 7 (Fig. 1d,
inset), and no shift from the original colloid spectrum was
seen at pH 7. A slight shoulder at ∼550 nm was observed
with the addition of the P45 peptide to the gold colloid at
pH 7 (Fig. 1c, inset). These samples were analyzed using
TEM to determine the extent of particle aggregation
(Fig. 1a–d). According to the TEM results, those gold
nanoparticles exposed to the P14 and P44 peptides had a
large degree of aggregation (Fig. 1a,b) with significant
particle overlap, while those particles exposed to P45 and
P46 (Fig. 1c,d) formed smaller clusters according to TEM
with greater interparticle spacing than P44- and P14-coated
nanoparticles. The clusters seen in TEM for P45- and P46-
modified particles were not detected in the solution using
either DLS or UV-Vis, except after the particles had
interacted with the peptides for more than 1 h. This
suggests that the clusters seen by TEM may form because
of (1) drying effects, (2) formation of a stabilizing coating
to the colloid upon P45 and P46 binding, similar to that
seen in histidine-rich epitope-stabilized nanoclusters [19],
or (3) a difference in the adsorption kinetics of a positively
charged vs negatively charged peptide, similar to that seen
in charged alkanethiols [20].
Two possible mechanisms explain the rapid aggregation
of nanoparticles from the addition of the P14 and P44
peptides. First, the peptides may bind to more than one
particle at a time, leading to an effect called “bridging”
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flocculation [21]. This effect has been used to control the
interparticle spacing of aggregated gold colloid through
the folding of a helix–loop–helix-forming polypeptide on the
particle’s surface [22]. Or, a second possibility is that the
addition of positively charged peptides to negatively charged
gold particles decreases electrostatic repulsion from the
electrical double layer (EDL) on the particles allowing col-
liding particles to aggregate. This second effect is com-
monly seen when the ionic concentration of gold colloid
solutions is increased through the addition of electrolytes
[21, 23]. If the aggregation seen in P14- and P44-modified
particles is due to “bridging” flocculation, then increasing
peptide concentration should decrease the aggregation
because the particle surface will be saturated with individ-
ual peptides, preventing “bridging” flocculation. If a
reduction in electrostatic repulsions dominates, then the
degree of particle aggregation should increase with peptide
concentration.
Fig. 1 Representative TEM images of the peptide-modified gold
colloid and corresponding UV-Vis spectra. a Aggregates of P14 peptide
and b P44-modified colloid at pH 7 with UV-Vis of solutions after 15
min of interaction (inset). c Clusters of P45 and d P46-modified gold
colloid at pH 7 with corresponding UV-Vis of solutions after 15 min of
interaction (inset). Images were collected on a JEOL 3010 TEM
microscope operating at 300 kV, particle size=23.3±0.6 nm, N=53
particles. Peptide concentration=0.7 μg/mL
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To determine which mechanism is responsible for
particle aggregation, the particle concentration was held
constant, and increasing concentrations of P44 and P45
peptides in 10 mM PB were interacted with the particles
(Fig. 2). P14 and P44 behaved similarly to one another, as
did P45 and P46 peptides, in the previous experiments;
therefore, only P44 and P45 were tested further. The
flocculation tendencies of particles modified with these
Fig. 2 Affect of peptide con-




absorption spectra after modi-
fication with a P44 and b P45
Peptides at pH 7. The following
final peptide concentrations are
shown: 1 0.05, 2 0.10, 3 0.30,
and 4 0.70 μg/mL. c Plasmon
resonance wavelength as a
function of peptide concentra-
tion for P44- and P45-modified
particles
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two peptides were compared to one another because their
isoelectric points vary significantly (Table 1), while their
average Hopp–Woods hydrophobicities are similar to one
another (−0.3 and −0.5, respectively) [24]. The extent of
particle aggregation was seen to increase with P44 peptide
concentration as can be seen from the shift in the wavelength
of maximum absorption as a function of peptide concentra-
tion (Fig. 2a,c). The maximum plasmon position for a P44
concentration of 0.05 μg/mL was at 525 nm with a shoulder
developing at 645 nm (Fig. 2a,c). This position shifts to 528
nm with a larger shoulder at 647 nm at a P44 concentration
of 0.10 μg/mL. The aggregate plasmon (∼670 nm)
dominates at P44 concentrations greater than or equal to
0.20 μg/mL, which corresponds to a coverage of ∼2.3×
1014 molecules/cm2 (Fig. 2c). This coverage is similar to
that found by Kirk and Bohn for the binding of the peptide
CKWAKWAK to the gold colloid (3.1×1014) using
fluorescence difference measurements [25]. Once the
particle’s surface is fully covered with peptide, the further
addition of peptide would not be expected to have an effect
on the particle’s stability in solution. This was evident from
the stabilization of the λmax around 670 nm above
0.4 μg/mL or ∼4.7×1014 molecules/cm2 (Fig. 2c). Howev-
er, the presence of excess peptide may affect the kinetics of
peptide binding with increasing peptide concentrations
increasing the rate of conjugation between the peptide and
gold surface [20].
For those particles that interacted with P45, the plasmon
wavelength was constant at 525 nm (Fig. 2b) independent
of peptide concentration, but there was a slight increase in
the intensity of the LSPR peak upon peptide binding. The
source of this increase is unclear but may be due to (1) the
stabilization of the colloid in buffer solutions upon P45
binding or (2) a change in the local dielectric permittivity
upon peptide binding as was seen upon binding of the
thiolated peptide CALNN to the gold colloid [23].
The average hydrodynamic diameter (DH) for each
sample in Fig. 2 was also monitored using DLS. For
particles interacted with the P44, the DH increased from
67±2 nm at 0.05 μg/mL to 2,087±482 nm at 0.70 μg/mL.
However, for particles that interacted with the P45
peptide, the DH was consistent (35±12 nm) over the
entire peptide concentration range tested. These results
lead to the conclusion that the flocculation seen at pH 7
for P14 and P44 is due to the reduction in electrostatic
repulsion between negatively charged particles from the
addition of positively charged peptides (Table 1). The ad-
dition of positively charged peptides destabilizes the
negatively charged particles leading to particle aggrega-
tion with larger aggregates forming with increasing
peptide concentration. These peptides must be attracted
to the gold surface through electrostatic interactions
because the addition of small electrolytes at much higher
concentrations have no obvious effect on the plasmon
resonance of the gold colloid at 523 nm (Fig. 2, 0 μg/mL
peptide in 10 mM PB).
Because the pI (or the pH at which the peptide charge
equals zero) of P45 and P46 differ significantly from P44
and P14 (Table 1), we hypothesized that the degree of gold
colloid flocculation could be controlled through manipu-
lation of a peptide’s overall ionic charge. Because both P14
and P44 peptides are composed of 71% basic residues
(K, H), their overall ionic charge is positive until a pH
greater than 10.6 is reached, while the charges on P45 and
P46 are primarily negative until the pH is reduced below
6.5. Further studies were conducted with all four peptides at
varying pHs to determine whether the degree of colloid
flocculation could be engineered by controlling peptide
charge. The results (Fig. 3) demonstrate that when the pH is
raised above the pI of any of the peptides tested (i.e. peptide
was negatively charged), the colloid remained stable, and
the maximum absorption was at ∼520 nm. Conversely,
when the pH was held below the pI of any of the peptide
tested (i.e., peptide was positively charged), a significant
aggregation of the colloid occurred, and the maximum
absorption was red shifted to ∼630 nm. Thus, by adjusting
the overall pH to achieve the appropriate charge on a
particular peptide, we can control the flocculation of the
colloid. However, the peptide-induced flocculation of the
gold colloid was irreversible. Particles could not be
restabilized by raising the pH above the pI after the peptide
was bound to the colloid or by resuspending the peptide–
particle aggregates into fresh 2 mM PB at pH 11. This new
instability suggests that the adsorption of the positively
Fig. 3 Wavelength of absorption maximum vs pH. The resulting
maximum plasmon wavelength for particles modified with 0.7 μg/mL
of P14, P44- and P45, P46-modified particles. The pH was controlled
through the use of 2 mM citrate buffers (pH 5 and 7) or 2 mM
carbonate buffer (pH 11). P14, P44-modified particles (dashed line)
and P45, P46-modified particles (solid line)
124 Plasmonics (2007) 2:119–127
charged peptides has permanently disrupted the EDL,
preventing the coulombic repulsion that stabilizes colloids.
The previous experiments were insufficient to determine
whether peptides were bound to gold at pHs above their
isoelectric points; therefore, we examined the degree of
flocculation of peptides as a function of pHs after the
removal of excess peptide (Fig. 4). The particles were
interacted with P44 and P45 peptides at pH 7, excess
peptide was removed through centrifugation, and peptides
were resuspended in either 10 mM PB at pH 4 (Fig. 4a) or
11 (Fig. 4b). The binding of P44 at pH 7 was previously
demonstrated to lead to flocculation of the gold solution
(Figs. 1, 2, and 3). When those particles are centrifuged to
remove excess peptide, many of the particles are lost in
centrifugation as was apparent from the reduced absorbance
of P44 in Fig. 4a, b. For those modified particles success-
fully brought back into solution, the modification with P44
at pH 7 led to irreversible particle aggregation, as the
aggregate plasmon dominated even when the pH was raised
to 11 (Fig. 4b). Previously, it was shown that the
modification with the P45 peptide did not lead to particle
flocculation at pH 7 (Figs. 1, 2, and 3), but it was unclear
whether this was due to the negative peptide charge on the
gold surface at this pH or due to the lack of peptide affinity
for gold at pHs above their pI. When the particles were
modified with P45, excess peptide removed from the
solution, and then the particles resuspended in pH 4 buffer,
the particles became aggregated (Fig. 4a). This result was
similar to that seen previously in the presence of excess
peptide (Fig. 3), confirming that P45 peptides do bind to
the gold surface at pH 7, although their overall charge is
expected to be negative. Particles modified with P45 and
then resuspended in pH 11 buffer were resuspended with
only a moderate degree of aggregation from the centrifu-
gation step (Fig. 4b).
To determine whether the P44 peptide will also
conjugate to the gold surface above its pI, the P44 and
P45 peptides were incubated with gold nanoparticles at pH
11, and then excess peptide was removed through centri-
fugation. The supernatant with excess peptide was re-
moved, and the pellet containing gold particles was
resuspended at either pH 4 (Fig. 4c) or 11 (Fig. 4d). As
expected, both the P44- and P45-modified particles aggre-
gated when resuspended in the pH 4 buffer (Fig. 4c)
because this is below both peptides’ pI, while the control
particles (no peptide) had only minor aggregation. When
resuspended at pH 11, both the P44- and P45-modified
peptides were successfully brought back into solution
(Fig. 4d) with minimal loss of particles relative to the control.
We assume that the peptide coverage on the particles in
Fig. 4c, d is the same within experimental error, which means
that the stability seen in previous experiments (Fig. 3) above
a peptide’s pI was probably due to the charge on the peptide
and not differences in peptide coverages at different pHs.
Although this experiment confirms that both P44 and
P45 peptides will bind to the gold surface at pHs above
their isoelectric point, it does not address possible coverage
differences because of the pH of peptide interaction.
Additional work is underway to quantify the peptide
coverages as a function of pH using fluorescence difference
spectroscopy and SERS.
The colloidal flocculation of gold in the presence of
charged peptide species was used as a test for successful


































































Fig. 4 UV-Vis study on stabili-
ty of peptide-modified nanopar-
ticles upon removal of excess
peptides. a, b Nanoparticles in-
cubated with buffer (control),
P44 or P45 peptides at pH 7,
excess peptide removed through
centrifugation, and then particles
resuspended in 10 mM phos-
phate buffer at pH 4 (a) or 11
(b). c, d Nanoparticles incubated
with phosphate buffer (control),
P44 or P45 peptides at pH 11,
excess peptide removed through
centrifugation, and then particles
resuspended in either pH 4 (c) or
11 (d) 10 mM phosphate buffer
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Because the P45 and P46 peptides do not cause such a
dramatic change to the plasmon excitation wavelengths at
neutral pH, another method is needed for the detection of
neutral and negatively charged peptides to the surface of
gold nanoparticles. Toward this end, we investigated
whether SERS would be capable of detecting unlabeled
and weaker binding peptides on the gold surface. The P46
peptide sequence was chosen because its binding to gold
was undetectable at neutral pH and it also contained four
copies of an amino acid with a large Raman cross-section
whose spectrum is well characterized (F). A gold-silica
nanoshell substrate was used for the SERS studies, as the
electromagnetic field surrounding gold nanoshells is stron-
ger and the SERS effect was more reproducible than the
gold colloid using a 785-nm excitation laser source [26].
The substitution of nanoshells for the colloid is valid
because gold–silica nanoshells are also negatively charged
as synthesized and behaved similarly to colloid in floccu-
lation experiments with the P44 and P45 peptides (Fig. 5),
except the degree of flocculation was reduced for the nano-
shell solutions for equal amounts of peptide as determined by
the decrease in the plasmon resonance at 785 nm (inset).
Clearly visible in the SERS spectrum of P46 (Fig. 6b) is
the approx. 1,001 cm−1 C–C symmetric ring stretch
attributable to the presence of F [27]. As this band is the
strongest band in the spontaneous Raman spectrum of P46
(Fig. 6a) and P46 contains four F residues, this band is an
excellent marker for the presence of P46 on the surface of
the gold nanoparticles. This clearly demonstrates that SERS
can be used to detect the presence of unlabeled GBPs on
the surface of gold nanoshells. In future studies, solution-
phase SERS of P46 and other peptides will be used to study
peptide surface coverage on the gold nanoparticle surface
and for the detection of those specific amino acids that are
responsible for the gold–peptide interaction.
Conclusions
In this study, SPR shifts, TEM, and DLS are used to
investigate the degree of aggregation of gold nanoparticles
upon the addition of GBPs. We have observed that the
aggregation of the gold colloid is the result of the reduction
in the electrostatic repulsion of gold colloids. The degree of
aggregation can be controlled by controlling the surface
Fig. 5 UV-Vis spectroscopy of gold–silica nanoshells with P44 and
P45 peptides. Wavelength vs extinction (absorption plus scattering)
for gold–silica nanoshells with varying concentrations of P44 (a) and
P45 (b) peptide. Inset: Extinction of nanoshells at 785 nm as a
function of concentration of peptide
Fig. 6 Detection of P46 using Raman spectroscopy. a Spontaneous
Raman spectrum of solid P46. b SERS spectra of P46 (10 μg/mL) on
a gold nanoshell-based SERS substrate. Asterisk, band found in
background spectra (wells incubated with buffer only)
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coverage of peptide on the particle surface. Our results also
indicate that the control over pH can control the degree of
ionization of adsorbed peptides, which can be used to tailor
the degree of aggregation. Further studies are underway to
determine whether the peptide coverage on gold nanoparticles
changes as a function of pH. We have shown that these
peptides have a similar effect on gold–silica nanoshells.
Nanoparticle substrates containing gold–silica nanoshells
were used to detect the binding of the P46 peptide using
SERS. These results suggest that future SERS studies may be
useful for the detection of unlabeled GBPs on the surface of
gold nanoparticles and may also find applications in under-
standing the orientation of GBPs on gold surfaces in solution
and help elucidate charge-independent binding mechanisms.
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